The distribution oftype II collagen, considered to be characteristic ofcartilaginous tissues, was determined in various specialized cartilages of the mature pig. The tissues examined were: (1) fibrocartilage of the semilunar meniscus of the knee; (2) elastic cartilage of the external ear; (3) hyaline cartilage of (a) the synoviral joint, (b) the thyroid plate of the larynx, and (c) the nasal septum. The predominant species of collagen in each tissue, whether type I or type II, was appraised semi-quantitatively by analysis of purified collagen solubilized by pepsin and of peptide fragments produced by cyanogen bromide. Cyanogen bromide-derived peptides were characterized by column chromatography on CM-cellulose and by electrophoresis in sodium dodecyl sulphate-polyacrylamide gels.
determining their relative proportions by amino acid analysis. Thus collagen of the fibrocartilage ofthe meniscus proved to be all type I; type II was not detected. In contrast, collagen of elastic cartilage of the outer ear, after rigorous exclusion of perichondrium, was type II. Similarly, type II was the only collagen detected in all the mature hyaline cartilages examined.
A major development in collagen biochemistry in recnt years was the discovery that several genetically distinct molecular types of collagen occur in vertebrate connective tissues (for a review, see Miller & Matukas, 1974) . These specialized collagen molecules must have evolved to suit the diverse structural requirements of the various matrices of vertebrate tissues. Thus each genetic species is relatively specific for certain types of tissue. Type I collagen is the most common variety as the major structural element in all coarse fibrous connec, tive tissues, including skin, bone and tendon, whereas type II has a more limnited distribution, being generally restricted to hyaline cartilages. The other two genetic species of collagen that have been identified are type III, which has been found in skin, where it is especially abundant in the embryo (Chung & Miller, 1974; Epstein, 1974; Byers et al., 1974) , uterine wall (Chung & Miller, 1974) , vascular tissue (Trelstad, 1974; Miller & Matukas, 1974) and synovial memnbrane (Eyre & Muir, 1975b) and type IV, which is the highly specialized collagen of basement membranes (Kefalides, 1973 (Miller & Matukas, 1974) . The genetically distinct a chains of type I and type II collagens and hence the molecules themselves, have amnino acid compositions which, although generally similar, exhibit features that are characteristic for each collagen type. Also, probably the most notable difference in chemical composition between type I and type II collagens is the tenfold higher content of glycosylated hydroxylysine residues in the al(II) chain compared with either the al(I) or ac2 chain of type I collagen. Some of the best methods for identifying the different collagen types have involved analysis of derived CNBr peptides, each molecular species producing a unique profile of peptides on chromatography (Miller, 1973) and electrophoresis (Eyre & Muir, 1975a,b) that reflect the differences in primary sequence ofthe variousgenetically distinct a chains.
Although hyaline cartilage is the major source of type II collagen, its possible presence in the vitreous humour of the eye (Swann et al., 1972) and its firm identification in nucleus pulposus and annulus fibrosus of the intervertebral disc (Eyre & Muir, 1974) and in the notochord of the sturgeon (Miller & Mathews, 1974) show that type II collagen is not completely restricted to hyaline tissues. None of these latter tissues, such as nucleus pulposus, which is a gel-like tissue at least in the young animal, or annulus fibrosus, which is usually classified as fibrocartilage (Bloom & Fawcett, 1968) , resemble hyaline cartilage in texture. Nevertheless the morphology of the fibres of type II collagen may be similar in all these tissues, with a narrower fibril diameter in comparison with type I collagen fibrils.
The detection of both types I and II collagens in annulus fibrosus prompted our interest in various other specialized hyaline and non-hyaline cartilages. To test whether the molecular type of collagen is in any way related to the structure and mechanical properties of a cartilaginous tissue, we have examined the collagen constituents of the semilunar meniscus of the knee joint (a classical fibrocartilage), the elastic cartilage from the external ear, and those of the three diverse hyaline cartilages, articular, laryngeal and nasal septum. Comparative data on the various types of tissue that require type II collagen in their matrices may provide an insight into the role of type IL collagen in tissue architecture and perhaps also into the chemical features of type II collagen that suit it for this role. The consequences of a change in the type of collagen synthesized that may possibly occur in pathological situations may then be better understood.
Experimental

Materials
All the tissues were from Large White pigs. Laryngeal cartilage of the thyroid plate (Eyre & Muir, 1974) , articular cartilage from metacarpophalangeal joints of trotters, and semilunar menisci of knee joints were taken from 6-9-month-old bacon animals. Cartilage of the external ear and nasal septum came from a single 4-year-old sow.
Coomassie Brilliant Blue R and guanidine hydrochloride were from BDH Chemicals Ltd., Poole, Dorset, U.K., and the guanidine hydrochloride was purified by stirring an 8M solution overnight with activated charcoal and then filtering. CNBr was purchased from Koch-Light Ltd., Colnbrook, Bucks., U.K.; Whatman phosphocellulose (P-1 1), CM-cellulose (CM-52) and DEAE-cellulose (DE-52) were from W. and R. Balston Ltd., Maidstone, Kent, U.K.; Bio-Gel P2 (200-400 mesh) was from Bio-Rad Laboratories, Richmond, Calif., U.S.A.; and pepsin (twice crystallized) was from Sigma (London) Chemical Co., Kingston-upon-Thames, Surrey, U.K.
Methods
Tissue preparation. The cartilages were dissected free of all adjacent tissue, including perichondrium. This proved difficult but essential for the elastic cartilage of the external ear, which had a dense, fibrous layer deeply embedded in both surfaces. Samples of articular cartilage were taken from the upper two-thirds of the tissue. Cleaned tissue was diced to about 2-3mm cubes and proteoglycans and glycoproteins were extracted by stirring in 4M-guanidine hydrochloride (lOml/g of wet tissue) for 24h at room temperature (23°C). The residue was washed thoroughly with water and freeze-dried. The amount of collagen solubilized by the guanidine hydrochloride was assessed by analysis of hydroxyproline in samples hydrolysed in 6M-HCl, essentially by the method of Stegemann (1958) , adapted to the Technicon autoanalyser.
Digestion with pepsin. After extraction with guanidine hydrochloride, the insoluble residues of the meniscus cartilage and ear cartilage were digested with pepsin in 3 % (v/v) acetic acid at 4°C (Miller, 1972) . This treatment alone, however, did not dissolve enough collagen from ear cartilage for purification and hence the pepsin-treated cartilage was extracted with 1 M-NaCl-0.05M-Tris-HCl, pH 7.5, when appreciable amounts ofcollagen were dissolved, as had been found previously with articular cartilage after digestion with papain (Strawich & Nimni, 1971) . The pepsin-solubilized collagens were purified by sequential precipitations (a) from 3 % acetic acid by addition of NaCl to 1 M; (b) redissolved in 1 M-NaCl-0.05M-Tris-HCl, pH7.5, then precipitated by addition of NaCl to 2.5M final concentration; (c) redissolved in 3 % acetic acid and precipitated by dialysis against 0.02M-Na2HPO4 (Miller, 1972) . This material was dissolved in 3% acetic acid, dialysed against 0.6 % acetic acid and freeze-dried.
Cleavage with CNBr. The residues insoluble in guanidine hydrochloride were treated with CNBr in 70 % (v/v) formic acid as previously described (Eyre & Glimcher, 1973; Eyre & Muir, 1974) . Digests were filtered through a plug of glass wool, diluted 15-fold with water and freeze-dried.
Chromatography ofCNBrpeptides on CM-cellulose. Samples of the mixture of peptides recovered after CNBr digestion of each tissue were chromatographed on a column (0.6cmx6cm) of CM-cellulose as described previously (Eyre & Muir, 1974) . The absorbance of the effluent at 230nm was continuously monitored, and fractions were assayed for hexose content by using an anthrone-H2SO4 method adapted to the Technicon autoanalyser (Heinegard, 1973) .
Preliminary analyses showed that proteoglycan degradation products had to be removed from the digest of elastic cartilage, otherwise a proportion of the more basic CNBr peptides of collagen were not eluted where expected from CM-cellulose but were selectively precipitated in the column, presumably by electrostatic interaction with glycosaminoglycans. Polyanionic material was therefore 1975 removed by dissolving the freeze-dried digest in 8M-urea-0.05M-Tris-HCl, pH6.5, and adding a slurry of DEAE-cellulose, previously adjusted to pH6.5, until no precipitation occurred when a test sample of the supernatant was treated with 10% (w/v) cetylpyridinium chloride. The DEAE-cellulose was contrifuged at low speed and washed with fresh 8M-urea-0.05M-Tris-HCl, pH6.5. The combined supematant and washings were dialysed exhaustively against water and freeze-dried. Chromatography of CNBr peptides on phosphocellulose. The small peptides, al(I)CB2 and acl(lI)CB6 (nomenclature of Miller, 1973) , were isolated by chromatography of whole CNBr digests on a column (1.5cmxl0cm) of phosphocellulose (Eyre & Muir, 1974) , andtheabsorbanceat230nm ofthe effluent was monitored continuously.
Fractions that would include both peptides were pooled and desalted by elution from a column (2.5cmx 35 cm) of Bio-Gel P2 (200-400 mesh) with 0.1 M-acetic acid and freeze-dried. The molar yields of each peptide were calculated from the amino acid composition of the pooled material by knowing that certain amino acid residues are unique for each peptide (Eyre & Muir, 1974) .
Unlike results with large CNBr peptides on CMcellulose, the recoveries of these small peptides from the phosphocellulose column did not appear to be affected by the presence of proteoglycan degradation products in the CNBr digests.
Amino acid analysis. Collagen and peptide samples were hydrolysed in 6M-HCI containing 0.08M-flmercaptoethanol to prevent oxidative destruction of tyrosine (Houston, 1971) , in partially evacuated, sealed tubes for 24h at 110°C. Amino acids were measured by using a single-column instrument (Locarte Instrument Co.) eluted by three buffers (0.2M-sodium citrate, pH3.1; 0.2M-sodium citrate, pH4.25 and 0.35M-sodium citrate-I M NaCl, pH6.65) changed stepwise. Hydroxylysine glycosides were determined after alkaline hydrolysis of tissue or of the pepsin-solubilized collagens. About 5mg of collagen was hydrolysed in 0.5ml of 2M-NaOH in sealed polypropylene tubes for 24h at 110°C, after which 1 ml of 1 M-citric acid was added and the solutions diluted to 5ml. Portions were analysed by chromatography on the 60cm-column of the amino acid analyser; elution was with a single buffer, 0.35M-sodium citrate, pH 5.3. Disc electrophoresis in sodium dodecyl sulphatepolyacrylamide gels. The procedure of Furthmayr & Timpl (1971) was followed by using 7.5% (w/v) acrylamide gels (60mm x 4mm). Samples were run for 3 h at 6mA per gel and protein bands were stained with 0.25% Coomassie Brilliant Blue R in methanol-water-acetic acid (5: 5:1, by vol.) at 40°C for 1 h. Background stain was removed in 7 % (v/v) Vol. 151 acetic acid for several days before the gels were scanned by using a Locarte scanning densitometer with a filter giving maximum transmission at 580-600nm.
Results
Only a small proportion of collagen was extracted from any of the tissues by 4M-guanidine hydrochloride. The hydroxyproline contents of the extracts showed that only 0.3 % of the total collagen in the meniscus cartilage, less than 2% of that in the elastic cartilage and a maximum of 2-3 % of total collagen in the other tissues, was solubilized. Hydroxyproline analyses of the insoluble residues of the meniscus and ear cartilages showed that their respective collagen contents were about 70% and 30% of the dry weight. All tissues except ear cartilage were fully dispersed by digestion with CNBr in 70% formic acid. The material in the ear cartilage that resisted digestion with CNBr retained the shape of the original tissue pieces, but was more yellow in colour. It accounted for 45 % of the starting dry weight and probably consisted mainly of elastin. Over 95% of total collagen in each tissue, including the elastic ear cartilage, was solubilized by treatment with CNBr and recovered in the freeze-dried preparation for analysis.
Pepsin-solubilized collagen
Soluble collagen for amino acid analysis was prepared by pepsin digestion of the meniscus and ear cartilages. About 5 % of the total collagen in the meniscus was recovered on purifying the material solubilized directly by pepsin in acetic acid. A further 30% of the original total collagen in the tissue could subsequently be dissolved by 4M-guanidine hydrochloride. Negligible collagen was solubilized directlybytreatment ofthe elastic cartilage with pepsin in acetic acid. However, extraction of the digested tissue with 1 M-NaCl-0.05M-Tris-HCl, pH7.5, solubilized some collagen, which after purification accounted for about 10% of the total collagen in the tissue. Again, a further 30% of the total was finally extracted with 4M-guanidine hydrochloride. The amino acid composition of the soluble collagen from the meniscus (Table 1) was similar to that of type I collagen from pig skin (Heinrich et al., 1971 ; D. R. Eyre, unpublished work), although it contained considerably more hydroxylysine than did skin collagen of pigs of similar age (Eyre & Muir, 1974 (Table 2) .
The amino acid composition of the collagen of meniscus cartilage extracted by 4M-guanidine hydrochloride after pepsin treatment (not shown) was similar (including hydroxylysine content) to that extracted initially by pepsin and acetic acid. This was also true of the collagen in the different extracts of elastic cartilage.
CM-cellulose chromatography of CNBr peptides
Chromatographic profiles on CM-cellulose of the CNBr peptides of collagen derived from meniscus and from ear cartilage indicated that the majority of collagen of the meniscus was type I and that of ear cartilage type H (Fig. 1) . The various CNBr peptides of collagens of types I and II were identified by their elution positions on CM-cellulose and by their subsequent behaviour when eluted from a column (1.6cmx 150cm) of 8% (w/v) agarose (Bio-Gel A1.5m, 200-400 mesh) in comparison with similar peptides obtained from collagens of pig intervertebral disc, laryngeal cartilage and skin (Eyre & Muir, 1974) . The elution profiles for u.v. absorbance and hexose content on CM-cellulose chromatography were entirely consistent with the interpretation that mainly type I peptides were obtained from meniscus and mainly type II peptides from ear cartilage. Thus type II collagen from hyaline cartilage (Miller, 1971) or nucleus pulposus (Eyre & Muir, 1974) contains about ten times more hexose bound to hydroxylysine than does type I collagen from skin, bone etc. Table 2 . Hydroxylysineglycoside content ofcollagensfrom hyaline, elastic andfibrous cartilages ofthepig The relative proportions of the free and glycosylated hydroxylysine residues were determined after alkaline hydrolysis and the total hydroxylysine contents were confirned after acid hydrolysis of a separate sample (see under 'Methods', and Moreover, this hexose is distributed relatively evenly among all the large CNBr peptides of type II collagen (Eyre & Muir, 1974) , whereas the lesser quantity of hexose in type I collagen is restricted to one or two sites in each a1 and a2 chain (Butler et al., 1967; Butler, 1970; Aguilar et al., 1973) .
Collagen peptides from the three hyaline cartilages [laryngeal (Eyre & Muir, 1974 , articular and nasal] all produced similar elution profiles on CMcellulose chromatography, as shown by u.v. absorbance and hexose content, indicating that they were derived essentially from type II collagen (not shown).
Electrophoresis of CNBr peptides in sodium dodecyl sulphate-polyacrylamide gels Electrophoresis in sodium dodecyl sulphatepolyacrylamide gels (Fig. 2) of the complete CNBr digests ofeach tissue supported the aboveconclusions.
Each type of collagen gave a characteristic pattern of peptide bands, making it easy to identify the major collagen type that had contributed peptides to the CNBr digest. The peptides a2CB3,5 (640 residues) (Heinrich et al., 1971 ; D. R. Eyre, unpublished work) and oa(l)CB1O (366 residues) (Eyre & Muir, 1975a) proved especially useful as characteristic markers for types I and II collagens Vol. 151 respectively; each gave a stained band with a unique migration distance well separated from peptide bands derived from the other collagen type. Thus peptide al(II)CB1O, and therefore type II collagen, was not detected in meniscus cartilage (Fig. 2b) and conversely peptide a2CB3,5, and therefore type I collagen, was not detected in laryngeal (Eyre & Muir, 1975a) , articular (Fig. 2d )ornasal-septum (not shown) cartilages, which all gave similar CNBr peptide patterns on electrophoresis. The pattern for elastic cartilage was predominantly that of type II collagen, but the presence of a small proportion of type I (less than 5 % oftotal) could not be ruled out (Fig. 2c) .
Phosphocellulose chromatography of CNBr peptides
The relative proportions of types I and II collagens in each tissue were measured more precisely by the isolation and amino acid analysis of the small homologous peptides, acl(I)CB2 and al(II)CB6, as described by Eyre & Muir (1974) for the collagens of annulus fibrosus and nucleus pulposus of the pig intervertebral disc. The isolation of these peptides from CNBr digests of meniscus and ear cartilages by chromatography on phosphocellulose is shown in Fig. 3 . The amounts of these peptides recovered from digests of the various tissues as measured by amino acid analysis are given in Table 3 , 'can Distance migrated (mm) Fig. 2 . Electrophoresis in sodium dodecyl sulphatepolyacrylamide gels of CNBr peptides of collagen from fibrous, elastic and hyaline cartilages of the pig About 40jug of each digest was run in 7.5%. (w/v) acrylamide gel (60mm x4mm) for 3h at 6mA per tube. Gels were stained with Coomassie Brilliant Blue R and scanned by using a densitometer with a filter giving maximum transmission at 580-600nm. The various CNBr peptides of type I and type II collagen of the pig were identified as described previously (Eyre & Muir, 1974 (Eyre & Muir, 1975a) and nasal cartilage gave profiles virtually indistinguishable from that of articular cartilage shown in Fig. 2(d) . Effluent volume (ml) Fig. 3 . Chromatography on phosphocellulose of CNBr peptides of collagen from fibrous and elastic cartilages of the pig The column (1.5cmxlOcm) was equilibrated at 43°C with 1 mM-sodium formate adjusted to pH3.6 with formic acid, and peptides were eluted at a flow rate of 70ml/h by a linear gradient of 0-0.3M-NaCl in a total volume of 800ml of starting buffer: (a) 100mg of CNBr digest of elastic cartilage of the ear; (b) 100mg of CNBr digest of fibrocartilage of the meniscus. Peptides in the pooled fractions marked by the bars were recovered for amino acid analysis (see Table 3 ). Table 3 . Distribution of type I and type IH collagens in various hyaline, elastic andfibrous cartilages of the pig The values were calculated from the molar amounts of the peptides al(I)CB2 and al(II)CB6 recovered by phosphocellulose chromatography (see Fig. 3 ) and quantified by amino acid analysis as described by Eyre & Muir (1974) : Calculated from data of Eyre & Muir (1974 along with the conclusions on the molecular type of collagen in each tissue.
Discussion
In the present study the predominant genetic types of collagen in various hyaline, fibrous and elastic cartilages of the pig have been established. The collagen in each of the three mature hyaline cartilages examined was essentially all type II, as previously found for bovine articular cartilage (Strawich & Nimni, 1971; Miller & Lunde, 1973) and also for bovine nasal and human articular cartilages (Miller & Lunde, 1973) . However, it cannot be concluded that all hyaline cartilages contain exclusively type II collagen. Previous studies had indicated that sternal cartilage of the young chick contained both type I and type II collagens (Miller, 1971; Trelstad et al., 1970 Trelstad et al., , 1972 , although it was suggested that the type I collagen may have come from perichondrium (Trelstad et al., 1970) . However, it has been demonstrated that carefully dissected chicken articular cartilage and embryonic bovine epiphyseal cartilage contained a significant proportion of type I in addition to type II collagen (Seyer et al., 1975a,b) , type I being selectively extracted by protein denaturants. Laryngeal, articular and nasal cartilages of the mature pig clearly do not contain significant amounts of type I collagen, however, and even the small proportion of collagen (about 3%) extracted from laryngeal cartilage by 4M-guanidine hydrochloride proved to be essentially all type II (D. R. Eyre, unpublished work). Nevertheless, considerable quantities of type I collagen may be present in these tissues at early stages of development, in other specialized tissues such as epiphyseal cartilage, and perhaps in mature hyaline cartilages of nonmammalian species such as the chicken. Whether type I collagen can be regarded as a true constituent of the hyaline matrix proper or can only represent fibrous elements interspersed in this matrix is still a matter of conjecture.
About 30 % of the cross-sectional area of laryngeal cartilage of the 6-9-month-old pig is mineralized (Hough & Sokoloff, 1975 ), yet all the collagen is type H. Differences in the distribution and packing of mineral crystallites in a calcifying matrix that contains type II collagen, compared with one like bone that contains type I collagen, may result directly from differences in molecular structure and packing of the two types of collagen.
Elastic fibres are a major structural element of elastic cartilage of the outer ear. However, collagen is also a prominent constituent, which is shown here to be of molecular type II. Hence elastic cartilage may be thought of as a hyaline matrix, interspersed in a framework of elastic fibres. In support of this view, the glycosaminoglycans in elastic cartilage appear to be similar to those of hyaline cartilages Vol. 151 (Gillard & Wusteman, 1970) . The particular mechanical properties of elastic cartilage have thus been arrived at by combining these various molecular elements in a composite matrix.
It is noteworthy that although the meniscus of the knee is a typical fibrocartilage, it contained only type I collagen, even though from its morphology and histological classification as cartilage it might have been expected to contain at least some type II collagen, particularly as another fibrocartilage, the annulus fibrosus, contained a significant amount (Eyre & Muir, 1974) .
The annulus fibrosus has a rather complex fibrillar structure with concentric lamellae of mainly coarse collagen bundles, interspersed with amorphous material that stains for glycosaminoglycans (Szirmai, 1970) . It might be expected that type I collagen would be located where there are coarse fibrils and type II collagen within the proteoglycan-rich regions where the fibrils arefiner. However, micro-analysis of serial Samples taken from pig annulus fibrosus showed a smooth gradation in collagen composition from virtually all type I collagen at the extreme outer edge of the disc, to type II collagen on reaching the nucleus pulposus (D. R. Eyre, unpublished work), which in the young animal is a homogeneous gel that contains no detectable type I collagen (Eyre & Muir, 1974) . The annulus fibrosus thus appears to be a specialized composite form of a fibrocartilage compared with the more homogeneous fibrocartilage of the meniscus, where the collagen consists mainly of coarse bundles of fibres (Hunter & Finlay, 1973) and where it clearly performs a different role from the type II collagen in hyaline or elastic cartilage. It is possible that other classical fibrocartilages, such as the fibrocartilaginous lip of the acetabulum, the labrum acetabulare, may resemble the meniscus in containing only type I collagen.
Cartilage appears to belaid down during thehealing of bone fractures by cells proliferating from the periosteum (Ham & Harris, 1956 ), but the type of collagen that this cartilage contains is not known. It is possible that the type of collagen produced by cartilage may alter in response to injury or disease. For instance, it has been suggested that in osteoarthrosis, type I collagen is formed in articular cartilage (Nimni & Deshmukh, 1973) and that chondrocytes in monolayer culture can change from producing type II to type I collagen (Layman etal., 1972) . Nevertheless, in surgically induced experimental osteoarthrosis of dogs, type I collagen was not synthesized nor was it present (in quantities detectable by the present methods) in early fibrillated lesions of knee cartilage (Eyre et al., 1975) .
It was originally suggested by Hoffman et al. (1956 ) that dermatan sulphate is associated with coarse collagen fibres and it is therefore noteworthy that the glycosaminoglycans of human meniscus are largely copolymers of dermatan sulphate and chondroitin sulphate (Habuchi et al., 1973) , whereas in hyaline cartilage dermatan sulphate is not detected (Muir, 1964) . 
